Abstract. We present 2D numerical simulation results of vortex lattices driven over a random disorder. We study the vortex dynamics at the depinning threshold Fc for weak disorder at zero temperature. Elastic regimes are analysed in the framework of a second order phase transition where the velocity response v to the driving force F behaves like v ∼ (F − Fc)
Introduction
Driven ordered objects in disordered media display a threshold force F c across which the system goes from a pinned phase to a sliding state. These systems may be interfaces like magnetic domain walls, contact lines of liquid menisci or crack propagation in solids, or periodic structures like charge-density waves (CDWs), vortex lattices in type II superconductors, colloïds or Wigner crystals. When the pinning of the underlying substrate is weak the statics and dynamics are dominated by the system elasticity which favors order. In the context of CDWs the depinning at the threshold force was analysed some time ago [1] as a standard equilibrium critical phenomenon where the velocity v is the order parameter and the reduced force f = (F − F c )/F c is the control parameter. Further analytical and numerical works developed this analogy to define universality classes and critical exponents (see e.g. Refs. [2] and references therein). In the second order transition analogy the velocity of the elastic object at zero temperature vanishes at the critical force F c as v ∼ f β with β < 1. Numerical simulations for interfaces in a space dimension d = 2 show β ≈ 1/3 [3] while for periodic objects in d = 2 various exponents have been found. β ≈ 2/3 is found for CDWs [4] , Wigner crystals [5] , and colloïds [6] , while other works found β ≈ 0.5 [7] and β = 0.92 ± 0.01 [8] on colloïds, and β = 0.35 [9] in stripe systems. We report in this paper zero temperature numerical simulation results on 2D superconductor vortex lattices driven over weak random disorder. Several lattice sizes have been investigated close to the elastic depinning threshold and the results agree with a second order phase transition. The velocity depinning exponent β is measured and compared to similar systems.
Numerical model
We study N v Abrikosov vortices interacting with N p pins randomly placed in the (x, y) plane. We consider the London limit λ L ≫ ξ, where λ L is the penetration length and ξ is the coherence length, i.e. we treat superconductor vortices as point particles. At zero temperature we integrate the second order Newton's equations of motion of each vortex i at position r i .
The total force on each vortex includes a viscous damping term η dr i dt with η the viscosity coefficient, the Lorentz driving force F L = Fx in the x direction due to an applied current, and the conservative vortex-vortex U vv (r ij ) and vortex-pin U vp (r ip ) interactions where r ip is the distance between the vortex i and the pinning site located at r p , and r ij is the distance between the vortices i and j located at r i and r j . The vortex-vortex pairwise repulsive interaction is given by a modified Bessel function U vv (r ij ) = α v K 0 (r ij /λ L ) and the attractive pinning potential is given by U vp (r ip ) = −α p e −(r ip /Rp) 2 where R p is the radius of the pins, and α v and α p are tunable parameters. We fix the strength of the vortex-vortex interaction by setting α v = 2.83 10 −3 λ L ǫ 0 where ǫ 0 is an energy per unit length. Several values of the relative disorder strength α p /α v have been investigated. The LAMMPS classical molecular dynamics code [10] with a velocity Verlet algorithm is used for several system sizes, from N v = 270 up to
The strip geometry elongated in the driving force direction allowed the study of the critical depinning properties for large system sizes. Care has been taken to check that the basic cell anisotropy induced by the strip geometry does not alter the critical properties, and in particular the determination of the velocity critical exponent β. Periodic boundary conditions are used in both x and y directions. The vortex-vortex interaction is dealt with using a neighbor list method with a cutoff radius r c = 6.5 λ L . The number of pins is set to N p = N v , and their radius is R p = 0.22 λ L . The average vortex distance is a 0 = λ L . We use a unit system in which λ L = 1, ǫ 0 = 1 and k B = 1. We fix η/m = 0.1 where m is the vortex mass, which ensures that the second order Newton's vortex dynamics is identical to the overdamped dynamics limit usually computed for superconductor vortices.
Results
For several disorder realizations, we start from a triangular lattice at high velocity wherefrom the driving force is slowly decreased down to the so-called critical depinning force F c below which the system is permanently pinned. We show in Fig. 1a the evolution of the mean critical depinning force with respect to the relative disorder strength α p /α v for N v = 8000 vortices in a basic cell of size (L x , L y ) = (400, 20 √ 3/2)λ L . As already seen in previous works of similar systems (see for example Ref. [6] ), the rapid increase in the depinning force indicates a crossover from elastic dynamics dominated by elasticity to plastic dynamics dominated by disorder. After the study of the 2D critical behavior of plastic depinning in superconductor vortices [11] , we now study the 2D critical behavior of elastic depinning. In the following we choose the relative disorder strength α p /α v ≈ 5 10 −3 for the elastic critical dynamics study. Fig. 1b shows the typical trajectories of the vortices at the elastic depinning threshold. All vortices depin together and with the same mean velocity, which means that all vortices keep the same neighbors as they move. The structure is topologically ordered and vortices flow in elastically coupled rough static channels. The dynamics is jerky and the velocity of the center of mass is periodic in time where the period corresponds to the time for each vortex to replace its preceding neighbor in the same channel.
We plot in Fig. 2 the average longitudinal velocity v of the center of mass of the vortices with respect to the reduced force f = (F − F c )/F c for several lattice sizes, where F c is the critical depinning force measured for each disorder realization. Three regions appear in Fig. 2 . Region I is the manifestation of the finite size effects in the system whose signature is the single particle regime [11] 
when the system size increases, which therefore confirms that such hysteresis phenomenon is just a finite size effect. Region II is the region where a power law regime v ∼ f β with β < 1 is measured which we identify with the critical regime of the continuous depinning transition. Finally, in region III the system is far above the critical depinning threshold and approaches the asymptotic linear behavior v ∼ f obtained in the absence of disorder.
To reinforce the second order elastic depinning transition scenario we compute several lattice sizes and for each size we compute several disorder realizations wherefrom we extract a mean value of the depinning exponent β. In Fig. 3a we show the evolution of β with respect to the transverse size L y for a fixed longitudinal size L x = 100λ L which shows that the values of β that we measure for L y ≥ 18λ L become independant of the transverse size L y . In particular they do not depend on the basic cell anisotropy since we measure identical values in square basic cells (L x , L y ) = (100, 120 √ 3/2)λ L . In Fig. 3b we show the evolution of β with respect to the longitudinal size L x for various transverse sizes L y ≥ 18λ L . It shows that β has reached a constant value for L x ≥ 100λ L . Taking the mean value of β over 68 realizations of disorder obtained for L x ≥ 100λ L , we obtain the result β = 0.27 ± 0.04. 
The error bars are the standard deviation over the different disorder realizations.
Note that our value is close to the value β ≈ 1/3 measured for interfaces [3] in a space dimension d = 2. However, our result should rather be compared to other periodic systems with displacement field of dimension N = 2 in a d = 2 dimensional space. For example, our result is close to the value β = 0.35 recently measured in anisotropic periodic objects (stripe systems) [9] . On the other hand, the variety of exponents found in the other similar periodic objects (see introduction) may suggest that the type of particle-particle interaction as well as the type of disorder plays an important role, which would imply that large universality classes cannot be found. Finally, note that we performed preliminary simulations at non-zero temperature which confirm our zero temperature measurement β = 0.27 ± 0.04. Note also that a previous work on superconductor vortices in d = 3 [12] found the exponent β = 0.65 ± 0.01.
Conclusion
We have shown numerical simulation results on 2D superconductor vortex dynamics in random media. A crossover from elastic dynamics dominated by elasticity to plastic dynamics dominated by disorder is found. We investigated the depinning transition in the elastic regime. Our results are consistent with a second order phase transition with a velocity exponent β = 0.27 ± 0.04.
